The ability of an implanted ear to integrate multiple pulses, as measured by the slopes of detection threshold level (T level) versus pulse rate functions, may reflect cochlear health in the cochlea, as suggested by previous animal studies ( Kang et al., 2010; Pfingst et al., 2011 ). In the current study, we examined the slopes of T level versus pulse rate functions in human subjects with cochlear implants. Typically, T levels decrease as a function of pulse rate, consistent with a multipulse integration mechanism. The magnitudes of the slopes of the T level versus pulse rate functions obtained from the human subjects were comparable to those reported in the animal studies. The slopes varied across stimulation sites, but did not change systematically along the tonotopic axis. This suggests that the slopes are dependent on local conditions near the individual stimulation sites. The characteristics of these functions were also similar to those found in animals in that the slopes for higher pulse rates were steeper than those for the lower pulse rates, consistent with a combined effect of multipulse integration and cumulative partial depolarization mechanisms at rates above 1000 pps. The maximum comfortable loudness level (C level) versus pulse rate functions were also examined to determine the effect of level on the slopes. Slopes of C-level functions were shallower than those for the T-level functions and were not correlated with those of the T-level functions, so the mechanisms underlying these two functions are probably not identical. The slopes of the T-or C-level functions were not dependent on stimulus-current level. Based on these results, we suggest that slopes of T level versus pulse rate functions might be a useful measure for estimating nerve survival in the cochlea in regions close to the stimulation sites.
Introduction
Most present-day processors for cochlear implant auditory prostheses encode important features of speech signals by amplitude modulation of carrier pulse trains using the low-frequency envelope of the speech waveform. The pulse rate in these carrier pulse trains is a variable of interest because of its potential to affect transmission of the envelope information. There are several theoretical advantages of using high pulse rates, including finer resolution of details in the envelope waveforms. High carrier pulse rates have also been postulated to evoke a more stochastic response pattern across the array of activated auditory neurons, resulting in a more normal encoding of auditory information (Rubinstein et al., 1999) . On the other hand, high carrier pulse rates have been shown to degrade the sensitivity to low-frequency envelope modulations Fu, 2005, 2009; Pfingst et al., 2007) and they have not produced the expected improvements in speech recognition with cochlear implants relative to results with low carrier rates (Loizou et al., 2000; Vandali et al., 2000; Holden et al., 2002; Verschuur, 2005; Plant et al., 2007; Shannon et al., 2011) . A better understanding of how carrier rates affect system responses to electrical stimulation provides guidance for optimizing implant performance.
Some insight into these mechanisms has been gained by neurophysiological and psychophysical studies examining detection of pulse trains as a function of pulse rate. In many cases, detection threshold levels (T levels) decrease as a function of pulse rate, and the rates of decrease (i.e., the slopes of the threshold versus pulse rate functions) seem to depend on two mechanisms. Specifically, the decrease of T levels with pulse rate is consistent with a multipulse integration mechanism, similar to temporal integration. Temporal integration is defined as increases in detectability of a stimulus with increases in stimulus duration, which typically occurs in a time window of 300 ms for both electrical and acoustic stimuli (Gerken et al., 1990; Donaldson et al., 1997) . In a constant-duration stimulus, as pulse rate increases, the number of pulses also increases. The increased stimulus power produces a lower threshold. We call this multipulse integration. The decrease of T levels as a function of pulse rate becomes faster at rates above 1000 pps, probably due to an additional mechanism involving pulse interactions as described by Middlebrooks (2004) , where threshold can be further lowered by the cumulative effect of residual partial depolarizations following sub-threshold pulses. The increase in the slopes of the T level versus pulse rate functions above 1000 pps has been reported in both psychophysical (Kang et al., 2010; Pfingst et al., 2011) and neurophysiological studies (Middlebrooks, 2004) . Importantly, psychophysical studies in guinea pigs have shown a correlation between the slopes of T level versus pulse rate functions at rates below 1000 pps and the numbers of surviving hair cells and auditory neurons as well as ensemble spontaneous activity that we refer to as cochlear health (Kang et al., 2010; Pfingst et al., 2011) .
A primary objective of this study was to determine whether the characteristics of the pulse rate functions from animals reported in Kang et al. (2010) and Pfingst et al. (2011) are also present in human subjects, for the potential of using this measure as a non-invasive method for estimating neural status along the electrode array in humans. We expect to find variation in these functions in humans, because cochlear neural pathology is known to vary across patients and along the electrode array within patients. Also, if the two hypothesized mechanisms of multipulse integration and cumulative partial depolarization suggested in the animal studies hold true for human subjects, the slope of the functions in humans would be expected to be steeper at high rates. A previous study has reported T level versus pulse rate functions in humans up to 6500 pps (Kreft et al., 2004a) , but it was not clear from the group-mean data reported for that study if the slopes changed systematically across subjects at high rates.
Another objective of this study was to determine the effects of pulse rate on hearing at higher current levels. It is known that maximum comfortable loudness levels (C levels) decrease as a function of pulse rate but that the slopes of the C level versus pulse rate functions are shallower than the slopes of the T level versus pulse rate functions. This results in a larger dynamic range at high pulse rates relative to that at low pulse rates (Kreft et al., 2004a; Fu, 2005, 2009; Pfingst et al., 2007) . However, the reasons for this difference in slopes are not known. Is this just a matter of the use of a logarithmic (dB) scale for stimulus current? That is, are the functions for C levels shallower simply because they occur at higher current levels? We used two methods to address this question. First, we asked if the slopes of T level or C level versus pulse rate functions were correlated across subjects and across stimulation sites with the absolute levels of those functions, which vary across subjects and stimulation sites. Second, we compared slopes of these functions for bipolar (BP) stimulation, which requires relatively high current levels, with those for monopolar (MP) stimulation, which requires relatively low current levels.
Methods

Subjects
Eleven adult post-lingually deaf subjects participated in the study. Nine subjects were implanted with the Nucleus CI24R(CS) contour device and two were implanted with the Nucleus CI24M straight array. The subjects' ages at the time of these experiments varied from 37 to 77 years (mean ¼ 60; S.D. ¼ 11 years). All subjects had at least one year of experience with the implant prior to data collection for this experiment. The demographic details of the subjects are summarized in Table 1 . The use of human subjects was reviewed and approved by the University of Michigan Medical School Institutional Review Board.
Stimuli and test procedures
Stimuli were trains of symmetric biphasic pulses. The pulse duration was 40 ms/phase with an interphase interval of 8 ms and the pulse-train duration was 600 ms. The tested pulse rates were 156, 313, 625, 1250, 2500, and 5000 pps.
The implanted electrode array in the scala tympani consisted of 22 electrodes numbered 1e22 from base to apex. T and C levels were measured at three stimulation sites (4, 11, and 18) covering the basal, middle, and apical locations in the electrode array and using both monopolar and bipolar electrode configurations. For monopolar stimulation, the number of the stimulation site corresponds to the number of the stimulated electrode. For bipolar (BP þ 0) stimulation, the number of the stimulation site corresponds to the number of the basal member of the electrode pair, e.g., bipolar site 4 utilized electrodes 4 and 5. All subjects completed tests using MP stimulation, and only eight subjects participated in tests using BP stimulation.
A laboratory-owned Freedom processor (Cochlear Corporation, Englewood, CO) was used for the psychophysical testing. The factors of stimulation site, electrode configuration, and pulse rate were fully randomized. For each condition, T level was obtained first, followed by the C level. The 600 ms pulse trains were presented repeatedly with a 600 ms inter-stimulus interval as the subject adjusted the levels to determine the T and C levels. Method of adjustment was used for measuring the T levels, where the subjects had access to two sets of buttons, one set of which allowed adjustment in a step size of 5 current level units (CUs) and the other for a finer adjustment in 1 CU. The subjects were first instructed to use the larger step size by clicking the up or down buttons in 5 CUs to approximate the threshold region and then fine tune the stimulus level using the smaller step size (1 CU) until the level at which the signal was just audible was determined. After determining and recording the T level, the subjects were instructed to continue increasing the stimulus level until they found the loudest level at which they could comfortably listen for an extended period of time. This procedure was repeated three times for each experimental condition for both T and C levels. For each condition, the mean of the closest two values was taken as the final measurement. In cases where the level exceeded the highest current level available (255 CUs), the data point was excluded. 10.50% of the C levels and 0.11% of the T levels were excluded for this reason. The implant receiver-stimulator delivered current in 256 steps in CUs. The CU range of 0e255 corresponded to approximately 10 mA peak e1750 mA peak . Each current level step corresponded to 2.046% (0.176 dB) of current change. The T and C levels obtained in CUs were first converted to mA and then expressed in dB relative to 1 mA. Slopes of the level versus pulse rate functions were calculated separately for pulse rates below 1000 pps and above 1000 pps. The slopes were calculated using least-squares linear regression to fit the level versus pulse rate functions where the T and C levels were in dB re 1 mA and pulse rates were also expressed in a log scale (log 2 ). The goodness of fit of these linear functions was then determined.
Audiometric data
Preoperative acoustic thresholds were obtained from the audiometric records for 6 of the 11 subjects (S60, S65, S72, S73, S74, and S75) for estimating their hair cell survival status near the tested sites. Those unaided acoustic thresholds had been obtained in the clinic using narrow-band-noise stimuli with center frequencies at octave intervals between 250 Hz and 8000 Hz. The purpose of estimating the subjects' hair cell survival status was to determine if multipulse integration similar to that observed in the animals with good hair cell and spiral ganglion cell survival (Kang et al., 2010; Pfingst et al., 2011) could be achieved in the absence of hair cells.
Results
T and C levels as a function of pulse rate are shown in Fig. 1 for individual subjects. Fig. 2 shows the group-mean normalized data for both T and C functions. Each T level versus pulse rate function was normalized by subtracting the highest threshold from the function to better elucidate the effect of pulse rate across conditions. The highest threshold in most cases was the data point measured at the lowest pulse rate (156 pps), or in a few cases, the next to the lowest pulse rate (312 pps). The same normalization procedure was performed for the C level versus pulse rate functions.
Both T and C levels decreased as a function of pulse rate in most cases. The rate of decrease was quantified by fitting a linear regression line to the level versus pulse rate functions for pulse rates below 1000 pps and those above 1000 pps. Chi-square Goodness of Fit values of the T level versus pulse rate functions ranged from w0 to 0.75 with a median of 0.03. Chi-square Goodness of Fit values of the C level versus pulse rate functions ranged from w0 to 1 with a median of 0.06. Thus, all Chi-square values were smaller than 1, indicating good fit. The breakpoint of 1000 pps was chosen based on the theoretical consideration that pulse interaction could occur when interpulse interval becomes smaller than 1 ms. Although the breakpoint might not necessarily occur exactly at 1000 pps for all functions, slopes tended to become steeper at high rates ( Figs. 1 and 2) . A comparison of the slopes for pulse rates below and above 1000 pps can adequately capture the effect of pulse interaction as shown below.
On average, slopes for T level versus pulse rate functions above 1000 pps were steeper than those below 1000 pps by 1.24 dB, 1.07 dB, and 1.16 dB per doubling of pulse rate, respectively for the basal, middle and apical sites (Fig. 3 ). These differences were statistically significant (Table 2) . Slopes for the C-level functions were significantly steeper above 1000 pps by 0.65 dB, 0.54 dB, and 1.19 dB/doubling for three sites (Table 2) , although the increase in slopes was smaller in magnitude for the basal and middle sites than that for the T-level functions. After the removal of the subject who showed steeper C-level slopes than the rest of the group, the mean slope increase for the C-level functions remained statistically significant for all three sites, although p value slightly increased to 0.009 for the middle site. Psychophysical detection thresholds (Ts) and maximum comfortable levels (Cs) as a function of pulse rate. Top panels: Raw data of C levels as a function of pulse rate measured at three stimulation sites with two electrode configurations. Bottom panels: Raw data of T levels as a function of pulse rate measured at three stimulation sites with two electrode configurations. Data points indicate the mean of two repeated measures. Data points equal to the maximum deliverable current (255 CU) were removed from data analysis.
Slopes did not vary consistently across stimulation sites. Of the 8 conditions (2 electrode configurations Â 2 pulse rate conditions Â 2 levels), the effect of stimulation site was statistically significant in only 2: C-level slopes at <1000 pps in BP configuration [F (2, 3) ¼ 7.30, p ¼ 0.025] and T-level slopes at <1000 pps in MP configuration [F (2, 10) ¼ 9.05, p ¼ 0.002]. Furthermore, for these two conditions, the slopes did not change systematically or consistently along the tonotopic axis. Fig. 4 compares the slopes of C level versus pulse rate functions to those of T level versus pulse rate functions for two electrode configurations and for pulse rates below and above 1000 pps. C levels decreased more gradually with pulse rate compared to T levels, giving rise to shallower slopes in most cases (points above the diagonal in Fig. 4 ). The differences in the slopes between the T-and C-level functions resulted in larger dynamic ranges at higher pulse rates. In BP configuration, the averaged dynamic range across subjects increased from 7.26 dB to 13.21 dB as pulse rate increased from 156 pps to 5000 pps, corresponding to an increase in dynamic range of 1.19 dB/doubling of pulse rate. In MP configuration, dynamic range across subjects increased from 6.77 dB to 13.17 dB as pulse rate increased from 156 pps to 5000 pps, corresponding to an increase of 1.28 dB/doubling of pulse rate.
An important and unexpected finding was that the slopes for C level versus pulse rate functions were not significantly correlated with the slopes of the T level versus pulse rate functions in most cases. One exception was the BP configuration at <1000 pps (r ¼ 0.66, p < 0.01). However, after the one outlier data point (circled in Fig. 4 , upper left panel) was removed from the analysis, the correlation in this case was not significant (r ¼ 0.42, p ¼ 0.12). Given the general lack of correlation between the slopes of the functions for C and T levels, the slope of one function cannot be used to predict the slope of the other function for a given stimulation site in a given subject.
The sample variance (S 2 ) in the slopes across subjects and sites was greater for T levels than for C levels for BP ðS 2 T ¼ 1:84; S 2 C ¼ 0:67Þ and MP stimulation ðS 2 T ¼ 0:88; S 2 C ¼ 0:22Þ at pulse rates below 1000 pps, and for BP stimulation ðS 2 T ¼ 0:61; S 2 C ¼ 0:46Þ at pulse rates above 1000 pps, but was comparable for MP stimulation at pulse rates above 1000 pps ðS 2 T ¼ 0:33; S 2 C ¼ 0:37Þ. Effects of current level on slopes of T level versus pulse rate functions were examined in two ways. First, correlations were examined between the slopes of T level versus pulse rate functions and the T levels measured at the lowest tested pulse rate (156 pps), and between the slopes of C level versus pulse rate functions and the C levels measured at 156 pps. Lower thresholds at 156 pps did not predict steeper slopes for T level versus pulse rate function with one exception for BP stimulation at <1000 pps. Nor was there a predictive relationship between C levels and the slopes of C-level functions.
To further explore the relationship between current levels and slopes, electrode configuration (BP versus MP) was used to test slopes at different current levels. T-level currents across subjects and pulse rates averaged 7.17 dB, 11.23 dB, and 13.72 dB higher with BP stimulation compared to those measured with MP stimulation for the basal, middle, and apical sites, respectively. C-level currents for BP stimulation were higher on average by 8.16 dB, 10.77 dB, and 11.27 dB than those for MP stimulation for the three stimulation sites respectively. In spite of these differences in levels of Ts and Cs for the two electrode configurations, slopes for T and C level versus pulse rate functions were similar across the two electrode configurations The slopes of T level versus pulse rate functions for MP stimulation for our human subjects (11 subjects Â 3 sites) are compared in Fig. 2 . Group means of normalized T levels and C levels as a function of pulse rate. The raw data (shown in Fig. 1) were normalized against the highest T-or C level for the two functions respectively. Error bars represent one standard deviation. The T-level functions are plotted using circles and C-level functions are plotted using triangles.
of cochlear health conditions near their (basal) stimulation sites (data from Kang et al., 2010; Pfingst et al., 2011, re-plotted) . In both the humans and the guinea pigs, the slopes of the functions above 1000 pps were steeper than those below 1000 pps. For pulse rates below 1000 pps, the ranges of the slopes for the animal and human groups were similar and the means were not statistically significantly different [t test for means: t (32) ¼ 0.71, p ¼ 0.10]. For pulse rates above 1000 pps, range of the slopes from the animals was larger than that for the humans, but the means were not signifi-
Pre-implant acoustic thresholds were used to estimate hair cell survival status near the tested sites. The averaged pre-implant acoustic thresholds across the 6 human subjects tested at octave intervals between 250 Hz and 8000 Hz are shown in Table 3 . Assuming a relatively deep insertion depth of 25 mm , the characteristic frequencies corresponding to stimulation sites 4, 11, and 18, are 4076 Hz, 1888 Hz, and 829 Hz, respectively (Greenwood, 1990) . Therefore, the middle (i.e., electrode 11) and basal (i.e., electrode 4) stimulation sites that were tested should be located in the cochlear regions well above 1000 Hz place. The thresholds suggest that it is unlikely these subjects had residual hearing or hair cells at the middle and basal stimulation sites.
Discussion
Comparison of human and animal data
Results of the present study showed that slopes of the T-level functions in human subjects were similar to those found in guinea pigs (Fig. 6) . Kang et al. (2010) and Pfingst et al. (2011) showed that the variation in the slopes of these functions especially for pulse rates below 1000 pps was related to the health of the implanted guinea pig cochleae near the sites of stimulation. In these animal studies, cochlear health was defined in terms of numbers of surviving hair cells and spiral ganglion cells near the implant and the amount of ensemble spontaneous activity recorded from the implant, which presumably depends on the presence of hair cells. Since the two anatomical variables were highly correlated with each other it was not possible to conclude which elements (hair cells or neurons or both) were responsible for the psychophysical results. Hair cells could potentially contribute to the observed differences in threshold versus pulse rate function slope through electrophonic mechanisms or direct electrical activation of inner hair cells. However, our data from human subjects showed that the slopes of the pulse rate functions varied in cochlear regions where the subjects probably had minimal or no residual hair cells as estimated based on their preoperative audiometric data. This result suggests that hair cells were not responsible for the variability in slopes of the T level versus pulse rate functions, leaving the likely possibility that variability in the number of surviving spiral ganglion cells accounted for the variability in the multipulse integration. We suggest that T levels might be more sensitive to pulse rate in a healthy cochlea because more fibers are available to respond to each pulse in the pulse train. Survival of spiral ganglion neurons in the absence of hair cells is typically higher in humans than in guinea pigs, but it is variable across subjects and along the cochlear length within subjects (Hinojosa and Lindsay, 1980; Johnsson et al., 1981; Nadol, 1997) . Because the range of slopes below 1000 pps found in the human subjects was similar to that found in animals, the T level versus pulse rate functions in humans can potentially be used as a non-invasive predictive measure of the neural survival status near the stimulation sites.
Effects of interpulse interaction
The decrease of T level as a function of pulse rate below 1000 pps is well known for pulse trains with short phase durations (Shannon, 1985 (Shannon, , 1989 Skinner, 2000; Vandali et al., 2000; Kreft et al., 2004a; Pfingst and Morris, 1993) and can be attributed to temporal multipulse integration. However, the steeper slopes of the T-level functions at high rates (Fig. 3) have not been reported before in humans, but are consistent with what has been reported in animal psychophysical (Kang et al., 2010; Pfingst et al., 2011) and cortical-neural studies (Middlebrooks, 2004) . The mechanism for the faster decrease of T levels, as pulse rate increases above 1000 pps, is attributed to pulse interactions. In addition to temporal integration of multiple pulses, the model suggests that threshold is further lowered by the cumulative effect of residual partial depolarization following sub-threshold pulses (Middlebrooks, 2004) .
This interpulse interaction would occur only when the interpulse interval is small enough (i.e., 1 ms or shorter) that the neurons do not completely recover from the partial depolarization in response to preceding sub-threshold pulses. The slopes of C-level functions also increased at pulse rates greater than 1000 pps, but the magnitude of increase was smaller compared to that of the T-level functions for the basal and middle sites ( Table 2 ). The residual partial depolarization mechanism proposed for T levels above 1000 pps could also apply to C levels. Although many neurons are firing at well above threshold at the C level, there still could be a small population of fibers at the periphery of the neural excitation field that are below threshold and are only partially depolarized by the stimulus. Based on McKay and McDermott (1998) and McKay et al. (2001) model, loudness of electrical stimulation is dependent on the total neural excitation regardless of the location of the active fibers. If higher pulse rate helps recruit more neural fibers at the periphery of the excitation field, it would be reasonable to expect a faster decrease of C level as a function of pulse rate at rates above 1000 pps compared to that below 1000 pps. The number of these sub-threshold fibers at suprathreshold level however should be small compared to those recruited at T levels. This might account for the smaller magnitude of slope change above 1000 pps seen for the C-level functions.
The effect of interpulse interaction can be a detrimental factor for coding temporal information in cochlear implant users. In a multichannel implant, high pulse rates produce relatively short interpulse intervals between adjacent channels, which introduces channel interaction (Middlebrooks, 2004) . Channel interaction could result in masking of temporal modulation and poor modulation sensitivity (Chatterjee, 2003; Middlebrooks, 2008) .
Relationship between the T-and C-level functions
In most cases, the slopes of C-level functions were shallower and less variable than the slopes of T-level functions both below and above 1000 pps (Figs.1 and 4) . In addition, the slopes of the C-level functions were not correlated across stimulation sites and subjects with those of the T-level functions (Fig. 4) . This suggests that mechanisms that account for the rate of decrease for the C-level functions may be different from those for the T-level functions. Previous research has demonstrated that loudness grows as an exponential function of current (Shannon, 1985; Chatterjee et al., 2000) . It is also known that the loudness growth functions are dependent on pulse rate, with loudness growing faster at low pulse rates (Zeng and Shannon, 1994; Fu, 2005; Galvin and Fu, 2009) . This, in turn, would result in a smaller difference in C levels between different pulse rates compared to the differences in T levels across rates, giving rise to the shallower slopes of C level versus pulse rate functions. Furthermore, loudness growth functions have been shown to vary across subjects and across stimulation sites within individuals (Fu, 2005; Garadat and Pfingst, 2011) . If the slopes of C level versus pulse rate functions are at least in part dependent on loudness growth, then across subject and across-site variation in loudness growth could account for the lack of correlation between the slopes of T-and C-level functions.
The shallower slopes of the C-level functions relative to the T-level functions produce larger dynamic ranges at higher pulse rates, which is well known (e.g., Kreft et al., 2004a) . The larger dynamic range produced by high rates, however, does not help improve temporal modulation sensitivity (e.g., Fu, 2005, 2009; Pfingst et al., 2007) . This is probably due to the fact that high pulse rates do not produce a larger number of just noticeable differences in amplitude within the dynamic range (Kreft et al., 2004b) .
Given the greater complexity of mechanisms that may determine the slopes of C-level functions, the lack of correlation of C-level function slopes with T-level function slopes, and the smaller variation in C-level slopes across subjects and stimulation sites, we suggest that the slopes of T level versus pulse rate functions would be the better measure for assessing the health of the cochlea near the individual stimulation sites.
Relationship between slopes of pulse rate functions and level
In the guinea pig studies (Kang et al., 2010; Pfingst et al., 2011) , thresholds for animals with steep slopes of T level versus pulse rate functions were often lower than those with shallow slopes. The opposite trend was observed in the human subjects for T-level functions in the present study, but it was not statistically significant in most cases. Furthermore, the slopes of C-level functions were not significantly correlated with C levels in our human subjects.
To further examine the relationship between slopes of the T and C level versus pulse rate functions and absolute current level, we compared slopes for BP stimulation with those for MP stimulation. It is known that thresholds for BP stimulation are typically higher than those for MP stimulation. However, slopes of the T-level and Clevel functions were not systematically shallower for BP stimulation (Fig. 5) , although both T and C levels were higher for BP stimulation by approximately 10 dB. This provides further evidence that the slopes of the pulse rate functions are not necessarily dependent on stimulus-current level. In addition to poor neural survival, stimulus-current level can be influenced by distance from electrode to modiolus and other factors limiting current flow to the neural tissue (Pfingst and Xu, 2004; Long et al., 2010) . Distance from modiolus was probably relatively uniform in the guinea pigs . Box plot for T-level slopes for MP stimulation from 11 humans times 3 stimulation sites (from this paper) and 34 animal subjects (basal site) re-plotted from Kang et al. (2010) and Pfingst et al. (2011) for pulse rates below 1000 pps and above 1000 pps. Each box depicts the median and interquartile range. The outliers (þsymbols) are data points that fall more than 1.5 box-lengths away from 25th or 75th percentile. The whiskers show the range of the rest of the data. because the implant tended to fill the whole scala (Kang et al., 2010; Pfingst et al., 2011) , but more variable in humans Tykocinski et al., 2000; Saunders et al., 2002) , which probably affected the thresholds but not the slopes of the threshold versus pulse rate functions. These complexities might explain the poor correlations between level and slope found in human subjects. Further studies are needed to determine which conditions near the stimulation sites affect threshold levels and which affect the slopes.
Conclusions
Slopes of the T level versus pulse rate functions obtained from our human subjects showed variation across subjects and across stimulation sites similar to that found in guinea pigs, where the slopes were related to hair cell and nerve survival. Since our human subjects showed little or no residual hearing in the tested regions, it seems likely that the variation in slopes of the T-level functions was due to variation in nerve survival in the absence of hair cells. Steeper slopes of T and C level versus pulse rate functions were observed above 1000 pps, probably due to the cumulative effects of residual partial depolarization at high pulse rates. The slopes of the C-level functions were shallower than and not predictive of those of the T-level functions. The lack of correlation between the slopes of Tand C level versus pulse rate functions is likely due to the differences in loudness growth at different pulse rates. The slopes of the T-or C-level functions were not dependent on stimulus-current level, indicating that the mechanisms affecting T and C levels are different from those affecting the slopes of the functions. Based on these results and previous studies in animals, we suggest that slopes of T level versus pulse rate functions might be a useful measure for estimating the nerve survival in the cochlea in regions close to the stimulation sites.
